Viviparity (live-bearing) has evolved from oviparity (egg-laying) >100 times in reptile phylogeny, but the selective forces responsible remain unclear. Tinkle & Gibbons (1977) proposed that prolonged uterine retention of eggs (leading ultimately to viviparity) is favoured by natural selection when it allows the reproducing female to better predict the incubation conditions that will occur in alternative potential nest-sites, and hence select the optimal site in which to deposit her eggs. This ingenious hypothesis has never been tested empirically. Over a 7-year period, I monitored temperatures inside 124 natural nests of egg-laying scincid lizards at three different elevations in the Brindabella Range of south-eastern Australia. As a measure of thermal predictability, I used correlation coefficients from comparisons of temperatures early vs. later in incubation among nests within each site. Both the mean and standard deviation of nest temperatures were examined in this way for each week through incubation. I performed these calculations under two models: one where the female assesses nest temperatures at the time of oviposition only, and one where she monitors temperatures constantly from the usual oviposition date until the actual time of laying. These analyses falsified two major assumptions of the ÔpredictabilityÕ hypothesis. First, nest temperatures at higher elevations were no less predictable than were those at lower elevations; instead, predictability was high in all situations. Secondly, a longer delay before oviposition decreased rather than increased the predictability of thermal conditions during subsequent incubation. I conclude that critical assumptions of the ÔpredictabilityÕ hypothesis are not supported in this study system.
Introduction
Viviparity (live-bearing) has evolved from oviparity (egg-laying) >100 times within squamate reptiles, much more often than in any other lineage of vertebrates (Blackburn, 1981 (Blackburn, , 1982 (Blackburn, , 1985 . Snakes and lizards have thus provided popular model organisms for analysis of the selective pressures involved in this major life-history transition. Most authors in this diverse literature have focused upon specific factors that threaten the viability of eggs laid in nests but not embryos retained in utero. For example, the evolution of viviparity has been attributed to selective forces involving thermal environments, egg predators, desiccation and aquatic habits (Mell, 1929; Weekes, 1933; Sergeev, 1940; Neill, 1964; Packard et al., 1977; Shine & Bull, 1979; Shine, 1985; Packard & Packard, 1988) . In a major review, Tinkle & Gibbons (1977) proposed a single unifying hypothesis that potentially subsumed all others: that viviparity evolves in response to environmental unpredictability. To my knowledge, this idea has never been tested. The present paper is an attempt to do so, using long-term data on thermal regimes inside the nests of montane lizards. Tinkle & Gibbons (1977, p. 42) suggested that females might Ôexperience difficulty in predicting, at the time of egg deposition, whether the site chosen would remain favourable throughout the period of incubation and early life of the hatchlings. In [variable] environments selection might favour females which held their eggs through some part of this period of developmental uncertainty. Cold environments may exacerbate this problem of predictability by increasing the length of the incubation period and making it less likely that the egg deposition site chosen by the parent will remain favourable until and after hatching...The environmental variability of the temperate regions thus may provide strong selective pressures for egg-retention and for the evolution of viviparityÕ.
The hypothesis is genuinely novel not only in its attempt to combine a plethora of published suggestions into a single general model, but also in proposing a different source of variation in offspring fitness. Previous (and subsequent) authors in this field have focused on single sources of mortality (mostly, low temperatures). Their putative selective forces rely on relative survival and viability of offspring retained in utero vs. laid in the nest. In contrast, the Tinkle and Gibbons hypothesis relies upon spatial variation among potential nest-sites in their consequences for offspring fitness. The benefit of retention under this model is thus being able to place the eggs in the best nest-site from among those available, as opposed to a simple increase in viability of retained vs. deposited eggs. Another novel feature of the ÔpredictabilityÕ hypothesis is that the benefits to offspring viability accrue not during the period of uterine retention (as in other models) but during the post-laying period (via enhanced nest-site selection). Because the Tinkle and Gibbons idea is an ingenious and innovative explanation, fundamentally different from any other suggestions in the diverse scientific literature on this topic, it merits empirical evaluation.
Unfortunately, the ÔpredictabilityÕ hypothesis has attracted relatively little attention because it is a difficult idea to test. In particular, one needs to specify exactly what variables are being predicted by the female, and how one measures her ability to do so (Shine & Bull, 1979) . The same issues have arisen in other studies concerning adaptive responses of organisms to environmental unpredictability: for example, diapause in desert bees (Danforth, 1999) , egg size in tropical frogs (Lips, 2001) , and germination delays in annual and perennial plants (Letnic et al., 2000; Rice & Dyer, 2001) . Inevitably, much larger data sets are required to quantify patterns of variability and predictability in natural environments, than simply to characterize mean values. Nonetheless, advances in the years since Tinkle and Gibbons' paper provide opportunities for empirical testing that were not available at the time their paper was written. First, two independent phylogenetically based analyses have shown that the association between cold climates and the evolution of reptilian viviparity is even stronger than had been suggested by earlier workers. In virtually every case in which we can identify closely related oviparous and viviparous taxa, the live-bearers extend into cooler climates than do the egg-layers (Blackburn, 1982 (Blackburn, , 1985 (Blackburn, , 1999 Shine, 1985) . The same pattern is seen within three species of reproductively bimodal lizards: in each case, populations of live-bearers are in colder areas than conspecific egg-layers (Qualls et al., 1996; Smith & Shine, 1997; Fairbairn et al., 1998; Odierna et al., 2001) . There is now broad consensus that reptilian viviparity has generally evolved in cold climates, and that the prevalence of viviparous species in many other types of habitats represents secondary dispersal away from colder regions (Shine, 1985) . Thus, if ÔunpredictabilityÕ is important in the evolution of viviparity, it must be a type that is manifested most clearly in cold climates. The predictability of temperature regimes during incubation seems the most likely candidate in this respect, and is clearly one of the factors that Tinkle and Gibbons had in mind.
Secondly, technological advances (notably, the development of miniature, robust, inexpensive data-loggers for measuring thermal regimes) have eased the logistical hurdles of measuring temperatures inside natural lizard nests. It is thus now feasible to assess the degree to which temperatures at the time of oviposition can be used to predict thermal regimes later experienced within the same nest.
Materials and methods

Rationale
Although most workers attempt to test adaptationist hypotheses by deriving and falsifying predictions, an equally powerful approach is to examine the validity of the logic or assumptions inherent in the hypothesis. Any hypothesis that is found to be based on invalid assumptions is immediately (and robustly) falsified. This approach has previously been used to examine the Ôcold-climateÕ hypothesis for viviparity (Shine, 1983) . Major assumptions of the ÔpredictabilityÕ hypothesis include the ideas that (1) nest temperatures late in development are predictable from those earlier within the same nest; (2) the degree of predictability is lower for nests at high elevations than for those at low elevations; and (3) the predictability of subsequent thermal regimes within a nest increases with a delay in the date of oviposition. If these assumptions are not met within natural nests, then the ÔpredictabilityÕ hypothesis cannot offer a valid explanation for the evolution of reptilian viviparity in the study system. These assumptions could be tested in any area with a range in elevations close to the upper elevational (and thus, thermal) limit for oviparous reproduction in squamate reptiles. Ideally, we need a location where egglayers are reasonably abundant up to some elevational limit, and are then replaced by live-bearing species. It is important to note, however, that we do not necessarily expect to see oviparous taxa evolve towards viviparity in such circumstances, even if the ÔpredictabilityÕ hypothesis is valid. Evolutionary increases in the duration of uterine retention of eggs would require not only advantages to further retention (as proposed in the ÔpredictabilityÕ hypothesis, and several others) but also relatively low ÔcostsÕ to such prolongation (Shine, 1985) . Thus, the persistence of oviparous reproduction at relatively high elevations does not pose a challenge to the predictability hypothesis: even if the hypothesis accurately predicts benefits to retention, any evolutionary shift in this trait may be opposed by strong disadvantages, or prevented by lineage-specific constraints that make it difficult or impossible for females to retain developing eggs. The focus of my study was thus to see whether nest-sites at a range of elevations differed in thermal predictability in the way proposed by Tinkle & Gibbons (1977) , not to evaluate the adaptive response of lizards to those conditions.
Study species
Oviparous scincid lizards are abundant in many regions of montane eastern Australia, with viviparous species replacing them at higher elevations (Pengilley, 1972) . Common oviparous taxa include three-lined skinks (Bassiana duperreyi; to 80 mm snout-vent length), garden skinks (Lampropholis delicata and L. guichenoti, to 50 mm) and elf skinks (Nannoscincus maccoyi, to 50 mm). All three of these terrestrial lizards are widely distributed through cool-climate habitats in south-eastern Australia (Cogger, 1992) . In early to mid-summer (mid-December to midJanuary), females lay a single clutch of eggs under rocks and logs in sunny clearings among the eucalypt forest (Pengilley, 1972; Shine et al., 1997; Shine, 1999) . Many nests are communal, with some sites containing >100 eggs and often, containing eggs of more than one species (Shine, 1983; unpublished data) . Hatching occurs in late summer or autumn (late February to late March), with the young lizards then seeking out protected crevices (usually inside fallen logs) as overwintering sites (Pengilley, 1972) .
Study area
The reproductive ecology of scincid lizards has been studied intensively in the Brindabella Range 40 km west of Canberra, Australian Capital Territory (e.g. Shine, 1983 Shine, , 1995 Shine, , 1999 Shine & Harlow, 1996; Shine et al., 1997) . In particular, natural nests have been monitored over a 7-year period at three sites that span a wide elevational range: Coree Flats (1050 m a.s.l.; 148°48¢E, 35°17¢S), Picadilly Circus (1240 m; 148°50¢E, 35°21¢S) and the lower slopes of Mount Ginini (1615 m; 148°46¢E, 35°32¢S). All of these nesting areas are in anthropogenic clearings (see above references for details). The lowerelevation sites (Coree and Picadilly) contain three oviparous reptile species (L. delicata, L. guichenoti, Pseudonaja textilis) that do not extend to Mount Ginini. Indeed, this site appears to be at the upper elevational limit for reproduction by any oviparous reptile in the Brindabella Range; nests of three oviparous lizard taxa (B. duperreyi, N. maccoyi, Tympanocryptis diemensis) have been found here, but none have been located further up the mountainside (unpublished data). In contrast, viviparous lizards (Egernia whitii, Eulamprus heatwolei, E. tympanum, Pseudemoia coventryi, P. entrecasteauxii, P. spenceri, Tiliqua nigrolutea) and snakes (Austrelaps ramsayi, Drysdalia coronoides, Pseudechis porphyriacus) extend to much higher elevations (Pengilley, 1972) . Thus, the range of elevations (and climatic conditions) encompassed by the three study sites provide an ideal opportunity to compare nest temperature regimes up to and including the conditions that limit oviparous reproduction.
Methods
Natural nests of Bassiana, Lampropholis and Nannoscincus were located soon after oviposition by searching under rocks and logs in sunny clearings. Thermal regimes experienced by eggs in these nests were quantified with miniature data-loggers (Thermochron ibutton, Dallas Semiconductor, Dallas, TX, USA; and Hobo-temp H8 and XT models with external leads, Onset Computer Co., Pocasset, MA, USA), set to record temperatures at 15-min intervals throughout incubation. Probes of the dataloggers were simply placed among the eggs; frequently, additional eggs are laid around the probes after they have been placed in position .
Assessing 'predictability'
Mean weekly temperatures and associated standard deviations were calculated for each nest, and I used these to calculate measures of thermal ÔpredictabilityÕ for nests at each site. All analyses used programs SuperANOVA 1.1 (Abacus Concepts, 1991) and Statview 5 (SAS Institute, 1998). Assumptions of statistical tests were checked prior to analysis, but no transformations were needed. The crucial concept of the Tinkle and Gibbons hypothesis is the degree to which a reproducing female can predict, at the time of egg-laying, whether conditions will be favourable at that nest-site throughout incubation. The hypothesis suggests that a delay in laying will be favoured if it substantially increases that predictability. How can we assess predictability in this sense?
Imagine a female lizard that can choose among alternative potential nest-sites. In some habitats, temperatures early in summer give a reliable indication of temperatures later in the incubation period. That is, nestsites that are hotter-than-usual early in summer are also hotter-than-usual throughout incubation. In other habitats, predictability is lower: a nest that is hot early in summer can sometimes prove to be cool later on, depending on factors such as spatial variation in growth of shading vegetation, or annual variation in weather conditions. The accuracy with which subsequent temperatures can be predicted might be enhanced by a delay in laying, if much of the unpredictable variation is engendered by factors operating relatively early in summer. However, a brief delay will not enhance predictability if the ÔuncertaintyÕ arises later in the incubation period.
This type of predictability involves the degree to which among-nest variation in temperatures remains consistent through the incubation period, and can be quantified using Pearson product-moment correlation coefficients to compare among-nest variation in temperatures early in the season with the variation present later on. Thus I simply correlated nest temperatures at one point in incubation with those in the same nests later on. Data were combined from different years, because the resulting scatter around the regression line will reflect the degree of difficulty in predicting mean incubation temperatures from initial conditions. A high among-nest correlation between early vs. late-season temperatures means that initial nest temperature offers a reliable cue to predicting overall incubation regime. A low correlation means that subsequent thermal regimes in a nest are difficult to predict from initial conditions. Two other issues also need to be addressed. First, what is the time span over which a female makes her assessment of nest-sites? If she simply checks once, we can compare conditions at one point in time with those occurring later. However, a reproducing female might well be able to assess potential nest-sites frequently (or continuously throughout this period of ÔdelayedÕ oviposition), and thus could base her prediction on more information. I simulated this process by the same method as above, but basing the ÔinitialÕ thermal measure not on temperatures during any single week, but on mean conditions occurring during some (more or less prolonged) period in early summer.
Secondly, what thermal attributes are likely to be most significant? Extensive work on scincid eggs in the laboratory as well as in natural nests has shown that embryonic survival and offspring viability are influenced primarily by the long-term mean and variance of incubation temperatures, rather than by occasional brief exposure to extreme temperatures (Shine, 1983 (Shine, , 1995 . Short periods of unusually warm or cool conditions do affect offspring viability, but in relatively subtle ways (Shine & Elphick, 2001 ). Thus, although Tinkle and Gibbons discussed the problems of predicting conditions Ôat the time of hatchingÕ, it seems more useful to deal with the issue of predicting longer-term thermal conditions over the duration of development in the nest. I used two variables most likely to be important: the long-term mean temperature and the long-term average value of diel variation in temperature (as represented by the standard deviation). Hydric conditions in Bassiana nests have little effect on survival or offspring phenotypes, at least within the range seen in natural nests, and do not interact with thermal regimes in this respect (Flatt et al., 2001) .
Results
Means and variances of nest temperatures
Over a 7-year period, data were obtained on 124 natural nests of scincid lizard (40 at Coree Flats, 72 at Picadilly Circus, 12 at Mount Ginini). All of these nests contained eggs of Bassiana; eight also contained Lampropholis eggs, and two had Nannoscincus eggs. Oviposition dates varied slightly among years, but were generally in early January for Ginini (the highestelevation site) and a few weeks earlier (mid-December) at the two lower sites. All figures and analyses express time as weeks into incubation, beginning with the week in which eggs were first found (almost always <1 week after oviposition). Thus, in terms of the calendar date, week 1 for Mount Ginini corresponded (on average) to week 4 for the other sites. Mean nest temperatures were similar among these three sites, except that the highestelevation area (Mount Ginini) had lower temperatures late in the incubation season (Fig. 1a) . This reflects the later date of laying at Mount Ginini, so that the decline in soil temperatures in autumn affected nests there more than at the other sites. Variances in incubation temperature decreased during incubation, and were higher at Coree Flats than at either of the higher sites (Fig. 1b) .
Variation in thermal predictability
The measures of predictability in nest temperatures also showed significant patterns. At all sites, mean temperatures in a nest later in development were highly predictable from conditions in that nest at the time of oviposition (all r > 0.70: see Fig. 2a,b) . Predictability remained high for the first few weeks after the usual time of oviposition, but then fell abruptly. That is, mean temperature midway through incubation gave a less robust basis for prediction about subsequent temperatures, than was the case earlier (Fig. 2a,b) . Patterns were broadly similar for all three sites in the case of calculations based on females making predictions based only on conditions at the time of oviposition (Fig. 2a) . A one-factor ANCOVA with site as the factor, week of incubation as the covariate and correlation coefficient as the dependent variable, showed that thermal predictability declined during the incubation period (covariate F 1,15 ¼ 11.33, P < 0.01), but the sites did not differ in predictability overall (F 2,15 ¼ 1.46, n.s.) or in the rate that predictability declined through time (interaction F 2,15 ¼ 1.75, n.s.). The calculations based on females evaluating mean thermal conditions in nests over longer periods provided a slightly different result, with thermal predictability initially higher but then declining more rapidly in Mount Ginini than in the lower-elevation sites (interaction F 2,15 ¼ 5.74, P < 0.05).
Predictability of the degree of thermal variation within nest-sites (as measured by standard deviation) was higher overall than was the case for mean temperature (Fig. 3 : mean r for all sites >0.84, vs. <0.66 for mean temperature). ANCOVA for the calculations assuming maternal evaluations at the time of oviposition generated no significant effects (elevation as the factor, week no. as covariate, and predictability of thermal SD as the dependent variable; all P > 0.05). However, the Ôprolonged assessmentÕ model gave a different result, with predictability tending to decrease through the incubation period for nests at Mount Ginini, but Fig. 2 Measures of the predictability of mean incubation temperatures inside 124 lizard nests in the Brindabella Range of southeastern Australia over the period [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] . The graphs show the ways in which those measures of predictability varied as a function of the elevation of the nesting site, annual weather conditions, and the time into the incubation period at which the predictability of subsequent conditions was assessed. In each case, predictability was assessed as the correlation coefficient linking the nest temperature at one point in time to that at a later stage. In the upper graph, nest temperature at a given week is compared with mean temperature over the subsequent incubation period (e.g. the mean temperature in week 4 is correlated with the mean temperature over the period from weeks 5 to 9). In the lower graph, nest temperature prior to given week is compared with mean temperature after that week (e.g. the mean temperature in weeks 1 through 4 is correlated with the mean temperature over the period from weeks 5 to 9). See text for further explanation. 
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remaining fairly constant at Coree Flats and Picadilly Circus (same design as above; Fig. 3b , interaction F 2,15 ¼ 26.09, P < 0.0001).
Evaluation of predictions
The Tinkle and Gibbons hypothesis predicts that: 1 Thermal predictability should be lower at higher elevations (the habitats in which selection has favoured prolonged uterine retention of eggs).
The data from scincid nests do not support this prediction. Predictabilities were generally high, and similar in all three sites. Early in incubation (the most critical time for the hypothesis), predictabilities for both mean values and variances of nest temperatures were actually higher at Ginini (the coolest site) than at either of the lower-elevation sites (Figs 2 and 3) . 2 Predictability will be low early in the incubation period and increase with time.
This is a critical assumption of the Tinkle and Gibbons hypothesis. Although intuitively plausible, my data revealed no such pattern. Indeed, predictabilities for mean nest temperatures actually decreased rather than increased as the summer progressed (Fig. 2) . Temporal shifts in the predictability of thermal variances remained high throughout incubation, rather than increasing as predicted by the hypothesis (Fig. 3b) . Tinkle & Gibbons (1977) argued that uterine retention of eggs may be selectively advantageous when a reproducing female reptile is unable to predict the conditions (and hence, dangers) to which her eggs will be exposed during their incubation period. She can thus delay oviposition until environmental cues indicate that conditions for egg-laying are optimal. The data on nests of scincid lizards in the Brindabella Range falsify two major assumptions of the hypothesis. First, thermal conditions were no less predictable in the kinds of habitats where prolonged uterine retention of eggs has evolved (at higher elevations) than at lower elevations. Secondly, thermal predictability tended to decline rather than increase through the incubation period, so that a delay in nest-site selection would not enhance a female's ability to predict subsequent temperatures within that nest.
Discussion
Inevitably, there are significant caveats to this falsification: 1 Most importantly, my method of assessing Ôpredict-abilityÕ may fail to represent the female reptile's perspective (Rivas & Burghardt, 2002) . For example, a female lizard may somehow ÔknowÕ that the coming summer will be warmer than average, and hence predict subsequent nest temperatures more robustly than I can. There is no evidence for such an ability, but it remains possible. 2 My data deal only with nest temperatures, not with the fate of the hatchling. Tinkle and Gibbons suggested that mothers may benefit from choosing nest-sites that result in optimal conditions at the time of hatching. Fig. 3 Measures of the predictability of the standard deviation in incubation temperatures inside 124 lizard nests in the Brindabella Range of south-eastern Australia over the period [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] . The graphs show the ways in which those measures of predictability varied as a function of the elevation of the nesting site, annual weather conditions, and the time into the incubation period at which the predictability of subsequent conditions was assessed. In each case, predictability was assessed as the correlation coefficient linking the standard deviation of nest temperature at one point in time to that at a later stage. In the upper graph, the standard deviation in nest temperature at a given week is compared with the standard deviation in temperature over the subsequent incubation period (e.g. the SD in temperature in week 4 is correlated with the SD in temperature over the period from weeks 5 to 9). In the lower graph, the SD in nest temperature prior to given week is compared with the SD in temperature after that week (e.g. the SD in temperature in weeks 1 through 4 is correlated with the SD in temperature over the period from weeks 5 to 9). See text for further explanation.
However, it is not clear which such factors would affect hatchling fitness. Hatchling skinks in the Brindabellas retreat to overwintering logs soon after emerging from the nest (Pengilley, 1972) , so it is difficult to imagine how local circumstances (except for late hatching per se) would engender strong fitness differentials at this time. 3 Perforce, my study was restricted to actual nests. These are a nonrandom subset of all possible nest-sites, and perhaps the ones that are avoided exhibit different predictabilities from the ones that are used.
One of the most striking results from my analyses was that overall, predictability was high. That is, the mean and standard deviation of nest temperatures in the usual week of oviposition in early summer provide a robust basis for predicting the overall mean values for those parameters within that nest throughout the rest of the incubation period. Overall, these initial values explained >80% of the among-nest variance (within each site) in subsequent incubation regimes (Figs 2 and 3) . The reason for this consistency is that nest temperatures are determined by a limited number of relatively straightforward factors: notably, exposure to solar radiation and the thickness of the cover object above the eggs (Weisrock & Janzen, 1999; Harlow & Taylor, 2000) . In multiple regression equations, inclusion of these two parameters explains most of the variance in thermal regimes for Brindabella nests (unpublished data). The most likely ÔunpredictableÕ feature involves year-to-year variation in mean summer temperatures and cloud cover, but (a) it is not clear how a female lizard would be able to predict this variation (above); and (b) these conditions will affect most potential nest-sites in the same way, so choosing among them may not have much effect.
What, then, can we conclude about the validity of the ÔpredictabilityÕ hypothesis? It cannot be dismissed on the basis of a single study, because selective forces may well vary across different habitats and phylogenetic lineages of reptiles (Andrews, 2000) . However, it seems unlikely to offer a useful explanation for selective pressures favouring prolonged uterine retention of eggs at high elevations in the skinks of the Brindabella Range. Other work on this same study system has supported many assumptions of the alternative hypothesis that such selective forces relate directly to retention at higher (maternal) body temperatures rather than lower (nest) temperatures (Shine, 1983) . There is direct experimental evidence, both from the laboratory and the field, that such retention can massively enhance offspring viability (Shine, 1995; unpublished data) . Thus, even if increased predictability of nest-site conditions offers an additional benefit to prolonged uterine retention of eggs (and my study casts doubt on this idea), any such benefits might well be trivial compared with those caused by higher-temperature retention per se.
